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ABSTRACT

The semiempiricainodel of condensed-phase equations of state for polymer ma-
terials in a wideange of thermodynamic parameterplisposed. Equations of state for
polyethylene, polystyreneand polymethylmethacrylat@re constructed on thease of
model developed, and tleatical analysis otalculated results witthe complex ofavail-

able at high temperatures and pressures experimental data is made.
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1. INTRODUCTION

The analgis ofthe thermodynamic properties wdrious substances/er awide
region of phase diagram is of fundamentalva as practialnterest. Structurahaterial
thermodynaicsinder conditions of high temperatures gmelssuresire anecessarypart
for carryingout the computesimulation of nonsteady hydrodynamic processes, gener-
ated by the influence of intense pulse energy fluxes on condensed media [1].

The base of difficulty confronting asystematic theoretical calculations of the
equation of statéEOS) undethigh energy processes conditions is the need to incorpo-
rate correctly thestructurally complicated interparticle interactiarhe introduction of
model simplifications is possible in a limited range of application [2] abssibility being
considerably decreader chemcal compounds. Therefore for common description of
matter properties in a widange of thermodynamic parameters on phase diagram it is
traditionally to apply semiempirical models in which different experimefatd araused
to determine thewumerical coefficients of general functional dependeficesd from
theoretical considerations.

In this report wedescribethe semiempiricaimodel of wide-rang&OS for poly-
mer materials inthe condensed phase. It takes into accdepbsitions othe elastic lat-
tice component, acoustic aogtical modes of thermal vibrations of nuclei with anhar-
monic effects at highemperaturesthermally exitedelectrons. EOS fopolyethylene
(PE), polystyrene(PS), andpolymethylmethacrylate (PMMAgre constructed on the
base of model developednd phasaliagrams of investigated plastiese constructed
with calculations of shock Hugoniots, isotherrasd isentropes. Theitical analysis of
calculated results witthe complex of available ahigh energy densities experimental

data is made.

2. EOS MODEL
A thermodynamically completeOS for condensephase of substance is defined

by the free energy F preassigned as a sum of three components



F(V,.T) =F.(V)+F,(V,T)+F(V,T),

describingthe elasticpart of interaction al =0 K (F,) and the thermal contribution by
atoms (E) and electrons (f.

The volume dependence of elastic component of energy is expressed as follows

Bo.V
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where o, =V,./V, V. is the pecific volume atP=0 and T=0 K, By, is thebulk
modulus B, =-VdPR,/dV (P.=-dF/dV) at 0. =1, E., is thecohesive energy. The
normalization conditionE(Vy.)=0 gives E.,, =By Vo/mn. The derivative of the
elastic bulk modulus withespect to pressuB, =dB./dP, at o,=1 determineshe re-
lation between parameters m and n in the form f.—B —2mThevalues of parameters
Voo, Boe and Bg, for eachsubstancesire chosen by iterations so that thbulated

value of the specific volume ¥  V and the isentropic bulk modulus

and its derivative with respect to pressure

Bs=(0Bs/0P)s= B,

determined from theesults of dynamic measurememtsuld besatisfiedunder normal
conditions P=0.1 MPa and F 298 K. The undetermined parameter m in equation for
elastic compression energy €an be found from the conditions of thest description
of the experimental data othe dynamic compressibility of plastics fiorward and re-
flected shock waves.

The thermal component of free energydsfined by excitation of acoustic and
optical modes of thermal vibrations of atoms:

3(v-1)

RV, T)=FES(v,T)+ 3 FP(V.T),

a=1
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where R is thgas constanty is the number of atoms in the repeating celpalymer

chain,

X .3
dt
D( )_ 3I
is Debye function [3],0=V,/V , 8, and 8, are the characteristic temperatures of
acoustic and optical modes pfiononspectrum, T is empiricalparameter, which en-
ables best to describe data of dynamic experiments at high prdsswvelume depend-

ences off,.; and 8, are determined by the interpolational formula
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where y, is thevalue of Gruneisen gammander normal conditionsy,, and o, are
free parameters, chosen from the requirement obplienal description of experimental
data on measurements @ynamic compressibility oporousspecimens of researched
substancesThe values of coefficientd,.;; and 8y,,, aredefined from tabulawvalues

for specific heatcapacity C, = T(0S/0T), at normal pressure and various temperature
[4]. For model simplification the spectrum of opticalibrations is represented Ibgree
degenerate frequencies with corresponding degeneration factore,, and a5, its
sum beinga, +a,+a3;=3(v—1). The quality of the proposed form of contribution of
thermal vibrations of atoms tihve thermodynamic potential éxamplified bythe EOS
calculationsfor PE, PS, and PMMA as compareath the experimental dat§4] for

specific heat capacities in Fig. 1.
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Fig. 1. Specificheatcapacity ofPE, PS, and PMMA atormal pressure, 1 — this EOS
model, 2 — the Debye model [3]. Experiment [4].



The electron component of free energy is included in the form:
Fo(V.T)=-RZ Texp(- T(V)/T) If1+AV T ¥ Rz 1,

where A:4k(2nmek/h2)3/2, k and h are the Boltzman and Plank constantg,ism

electron mass,

T.(V)=A,exp(l-0)/0,)/ 2k,

A, is the energy gap between thalence bandind the conduction band at normal

condition, parameteo, defines the rate at which the gap is narrowed,

Ye(T)=1+(y o - Dexp(-T/T,)

is analogues of the electronic Gruneiseefficient. Sich form of E in constructing of
EOS fordielectrics takes intaccount the thermalxitation of electrons intthe conduc-
tion band which occurs when a substance is hd&te]. Also chosen F—T-depend-
ence describethe transition tgplasma withaverage ion charge .Zat temperature limit

T—»OO.

3. THERMODYNAMIC PROPERTIES OF PE, PS, AND PMMA

TheresultingOS for PE, PS, and PMMadequately descrilthe experimental
data on the shoatompressibility of solichnd porous (PS)pecimen of thesglastics [7-
12] over the etire range okinematic (U, U, — shock-wave angarticle velocities)
anddynamic characteristic realized, ean be seen from Fi@-4. A comparison of the
calculated temperatusaluesfor the shocked PMMA with theesults of measurements
at the ultrahigh pressure rangd., 13] presented in Fig. $hows theigoodcorrelation

too.
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Fig. 3. Shock Hugoniots &?S, m=p,/p,, — initial porosity. Experimentl — [7], 2
—[8].
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Fig. 4. Diagram of states foéhe condensed phase of PMMA, H principal Hiugoniot,
S — isentrope, P— elastic compression curve at=D K, T — isotherms, B —

condensed phase—vapaeguilibrium curve withcritical point (CP), Sp — spi-
nodal. Experimentl — [7], 2 — [9], 3 — [10], 4 — [11], 5 — [12].
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Fig. 5. Temperature vs pressure for shocked PMMA, 1 and thisEOS model with
and without electron component, 3 with electron component by modg].
Experiment1 — [11], 2 — [13].



Analysis ofthe data [7, 8, 14] for P®dicates thathere is aphysicochemical
conversion of the substance at the shock front. On the principal Hugasiobnversion
begins at pressures=R20 GPa. It involves a significanhange in thelensity (by~20%)
andcompressibility othe medium. This result issuallyattributed to destruction of the
polymer caused bthe rupture othemical bonds, resulting the formation of alightly
compressible mixture of a diamondlike phasecafbon and various low-molecular
weight componentEL5]. In this paper we construct EOS for P8fore transformation.
The model evaluation for temperature of conversion beginning on the priHcigahiot
is T=1500 K.

The diagram of states fahe condensed phase of PMMA plottedFig. 4 con-
tains the dynamic experimentatiata; also plottedare calculated principal Hgoniot,
curve of isentropic expansion, isotherms, condensed phase—wegaliforium curve
and spinodal. Nte that theexperimental release isentrofi0] begins with state of
highly heated shocked condensed matter and continues up to rarefied-gadiséates.
entropic expansion techniqy&0] has enabled toecord the point oboiling of sub-
stanse. In this case, kink the calculated curve ahe onset of evaporation corresponds
to the exprimentally observed additional increasedled expansion ratithin the two-
phase liquid—vapour regioithe obtainedalue of equilibriumevaporation temperature
at normal pressure,J=473 Kpractically coincides wittthe tabulaone for PMMA de-
polymerisation (methylmethacrylate is gas at siechperature). Calculation of tempera-
ture on condensed-phasginodal (0P/0V), =0 at normal pressurgives T,,=790 K,
that is close to experimental value lohiting temperature of attainable overheating
T, =788 K [6]. The parameters of tlegitical point for PMMA were evaluated on the
base ofproposed EOS modehese are P=0.37 GPa, I =953 K, \,, =1.64 cc/g,
S, =6.09 J/gkK.



4. CONCLUSION

Calculations by presentdelOS model demonstrate that thermodynamic charac-
teristics ofcondensed phase pfasticsare descrepted gnalytical formulas which are
thesameboth at the normal conditions and at thghest temperatures and pressures at-
tained in experiments he resulting wide-rang&OS for PE, PS, and PMMA@escribe
consistentlyall of the available statiand dynamic experimentallata, andhey can be
employed effectively in numerical modelling wbnsteady gasdynamic processes at high

energy desity.
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